ABSTRACT A segment of the nuclear 28S rRNA gene was compared among six species of Lygus [Lygus hesperus (Knight), Lygus keltoni (Schwartz), Lygus borealis (Kelton), Lygus elisus (Van Duzee), Lygus lineolaris (Palisot de Beauvois), and Lygus vanduzeei (Knight)]. The DNA sequences were separate into three main groups. The LL group contains L. lineolaris and L. vanduzeei. Group LBLE is composed of L. elisus and most of L. borealis. Group LH includes L. hesperus and most of L. keltoni. Some L. keltoni were part of the LBLE group and some L. borealis were part of the LH group. The 28S region does not contain sufficient genetic polymorphism to delineate species. The apparent polyphyly of L. borealis and L. keltoni could reflect historic interbreeding, recent development of a hybrid swarm, or highlight inadequacies of morphospecies identification.
North America is home to $31 species in the plant bug genus Lygus (Hemiptera: Miridae). Many of the species are polyphagous, and an extensive list of plants has been identified as hosts for one or more species (Young 1986, Schwartz and Foottit 1998) . A handful of the species [Lygus hesperus (Knight), Lygus keltoni (Schwartz) , Lygus borealis (Kelton), Lygus elisus (Van Duzee), and Lygus lineolaris (Palisot de Beauvois)] are currently considered to be agricultural pests. Detailed morphological descriptions of the North American species have been published (Schwartz and Foottit 1998) along with some more simplified and accessible accounts of the pest species Foottit 1992, Mueller et al. 2003) . Despite these tools, species identification can be difficult for the agriculturalist or nonexpert. The bugs are small (4-5.5 mm) and physical traits can overlap, the result of the natural diversity within species or the condition of the specimen.
DNA sequences can be a useful tool for delineating species, as well as providing insight into phylogenetic relationships. To date, sequence analysis in Lygus has been somewhat fragmented. Complete mitochondrial genomes are known for two North American Lygus, L. lineolaris (Roehrdanz et al. 2014 ) and L. hesperus (R.L.R., unpublished data). A nearly complete mitogenome has also been obtained from Lygus rugulipennis Poppius collected in China (Wang et al. 2014) . Two studies have examined intraspecific diversity using mitochondrial DNA (mtDNA) sequences. Burange et al. (2012) looked at the diversity of a cox1-cox2 segment in L. lineolaris from eastern North America. A similar examination of cox1 (barcode) diversity in western L. hesperus has also been published (Zhou et al. 2012) . A few mtDNA barcode sequences have been incorporated into a broader phylogenetic study of Heteroptera (Park et al. 2011) . In addition to mtDNA, the nuclear ribosomal RNA gene cluster has also been used in phylogenetic studies of insects (Thormann et al. 2011 , Cryan and Urban 2012 , Bocak et al. 2014 ). The 18S, 5.8S, and 28S rRNA genes are linked in tandem arrays separated by noncoding spacers (Roehrdanz et al. 2010) . In this work, we compare a portion of the 28S rRNA gene adjacent to the ITS2 spacer region from six species of Lygus, the aforementioned pest species, and an additional species from eastern North America, Lygus vanduzeei (Knight).
Materials and Methods
Specimen Collections. Lygus adults were collected from multiple host plant habitats in North America. The years and locations of the collections are listed in (Supp Table 1 [online only]). Specimens were identified to species by the collectors (using published references and morphological keys of Foottit 1998 and Mueller et al. 2003) . Specimens for evaluations and vouchers were preserved individually in sterile 1.5-ml microcentrifuge tubes containing 95% ethanol and stored at À80 C at the U.S. Department of Agriculture-Agricultural Research Service, Red River Valley Agricultural Research Center, Biosciences Research Laboratory in Fargo, ND. A unique specimen number was assigned to each tube and DNA samples were linked to these numbers.
DNA Procedures. DNA isolation was performed using QIAGEN DNeasy Blood and Tissue Kits (Qiagen Sciences, Germantown, MD), as previously described (Burange et al. 2012) . Polymerase chain reaction (PCR) primers were: 28SFor 5 0 -aagagagagttcaagagtacgtg-3 0 and 28SRev 5 0 -tagttcaccatctttcgggtccc-3 0 . PCR conditions were 35 cycles 98 C for 10 s; 60 C for 30 s; and 72 C for 30 s using Phusion High-Fidelity DNA Polymerase (New England Biolabs, Ipswich, MA). The amplicons were observed using agarose gel electrophoresis and ethidium bromide staining. Images were documented using a Gel Logic 200 Imaging System (Carestream Molecular Imaging, New Haven, CT) and a Sony UP-D895MD (Sony Electronics Inc., San Diego, CA) digital monochrome printer. The amplicons were purified using a QIAprep Spin Miniprep Kit (Qiagen Inc., Valencia, CA) as per the manufacturer's protocol. Direct Sanger sequencing of PCR products was carried out by Iowa State University DNA Facility, Ames, IA.
DNA Data Processing and Sequence Analysis. Multiple sequence alignments were obtained by using Vector NTI Advance (v. 10.3; Invitrogen Life Technologies, Carlsbad, CA) ClustalX (v. 1.8.1). Initial alignment of the 28S sequences revealed that all of the polymorphism in the tested species was found in the 5 0 half of the molecules. Therefore, phylogenetic analysis of the genotypes was performed using 381 bp trimmed from the larger sequences. This corresponds to positions 9-389 of the 688-bp GenBank accessions. The evolutionary history was inferred using the minimum-evolution method (Rzhetsky and Nei 1992) . The optimal tree with the sum of branch length ¼ 0.00733433 is shown (Fig. 1) . The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Tamura-Nei method (Tamura and Nei 1993) and are in the units of the number of base substitutions per site. The ME tree was searched using the closeneighbor-interchange algorithm (Nei and Kumar 2000) at a search level of 1. The neighbor-joining algorithm (Saitou and Nei, 1987 ) was used to generate the initial tree. Evolutionary analyses were conducted in MEGA6 (Tamura et al. 2013 ; GenBank accession numbers KP230848-KP231017).
Results and Discussion
The PCR amplicon is located near the 5 0 end of the 28S rRNA sequence. The entire 688-bp segment aligns to positions 344-1,055 of the heteropteran Eurydema maracandica Oshanin 28S sequence and includes the length variable regions D2 and D3 (Yu et al. 2013) .
In total, 170 specimens were examined. They were distributed among the species as follows: L. hesperus (32), L. keltoni (23), L. elisus (29), L. borealis (28), L. lineolaris (51), and L. vanduzeei (7). Four polymorphic sites yielded seven genotypes that sorted into three major clades with one of the clades consisting of two subclades (Table 1 ; Fig. 1 ). Clade LH contained all of the L. hesperus bugs from disparate parts of this species range (Texas, Arizona, California, and Washington), 
a Nucleotide position based on the alignment of a 381-bp segment trimmed from the larger 688-bp 28S rDNA sequences. which all had the same DNA sequence. This clade also included about three-fourths of the bugs identified as L. keltoni that were obtained from the Canadian prairie and the northwestern United States (Alberta and Idaho). Finally, this clade included six specimens identified as L. borealis, all from the Canadian prairie region. Five of these came from the same sites in Canada that also yielded L. keltoni and L. elisus. Clade LBLE was composed of 28 L. elisus and 22 L. borealis all from the Great Plains of the United States and Canada. Five L. keltoni were also part of this clade. The L. lineolaris clade (LL) separated into two subclades that extensively overlapped in their geographical distribution. With the exception of two bugs from Alberta and four from Arizona, all of the L. lineolaris were from the eastern half of the United States and Canada. In addition, subclade LL1 contained seven sequences from the nonpest L. vanduzeei, an eastern species.
Informative nucleotide substitutions were observed at four positions (30, 235, 266, and 339) in the 381-bp fragments. Clade LH differs from LBLE at three positions and from LL at all four positions. LBLE differs from LL1 and LL2 by one and two substitutions, respectively. LL1 and LL2 have G versus A at position 266. Three individuals were observed to be heterozygous at one or more of the sites. L. lineolaris 2053 from CT was heterozygous for A and G at position 266. L. elisus 2837 from Colorado was heterozygous C/T at position 235, which is one of the three positions separating LBLE from LH. Lastly, L. keltoni 1678 from AB was heterozygous at all three positions (30, 235, and 266) that differ in the L. keltoni from two clades.
The 28S gene tree has some similarity to the maximum fit cladogram of morphological characters produced by Schwartz and Foottit (1992) . The species with common 28S sequences also appear more closely related based on the morphological characters. There may also be a geographic component to the 28S groupings based on the distribution maps of the individual species Foottit 1992, 1998) . L. lineolaris and L. vanduzeei are the two species with a geographic range that favors eastern North America. L. vanduzeei is mostly restricted to the northeast and to the south in the Appalachian Mountains. L. lineolaris is widely distributed across North America and it is the dominant Lygus pest in the eastern half of the continent. In western North America, including the southwestern United States, L. hesperus becomes the major pest species. It shares its 28S genotype with the majority of L. keltoni, which is found in the Rocky Mountains and some western Canadian prairies. The remaining pair, L. borealis and L. elisus, might be considered "central" species, at least if the focus is on the eastern edge of their ranges. Both of these have ranges that extend up to Yukon and Alaska but are common in eastern North Dakota, unlike L. hesperus and L. keltoni. L. elisus also spans from the eastern Dakotas to the west coast. The shared sequences by the species pairs could indicate patterns of shared ancestry and evolution in Lygus, although definitive results would require the analysis of more markers. The description of the three genetic clades as eastern, central, and western could be a reflection of the proclivities of their common ancestors.
Four of the species (L. hesperus, L. elisus, L. lineolaris, and L. vanduzeei) appear monophyletic with respect to the 28S fragment. Nearly one-fourth of both the L. keltoni and L. borealis bugs examined associate with a second clade. For L. keltoni, the majority fraction is in the LH clade, while the minority group matches LBLE. L. borealis is just the reverse with the majority in clade LBLE and the minority in LE. The trivial explanation is that errors have occurred in the morphological identification of specimens. Routine identification of Lygus species can be difficult because species differences are often subtle. Character states can overlap between species and vary within species, depending on age, season, or host plant. Schwartz and Foottit (1998) detail difficulties in separating L. hesperus from L. keltoni, which share 28S sequences. More recent observations from Canadian prairie crop lands report problems separating L. keltoni from L. borealis, with some specimens, particularly teneral females, identified only as borealis-keltoni morphs (H. Carcamo, personal communication). These potential confusions could easily be in play here. The mitochondrial cox1 barcode region was sequenced from the bugs that appeared to be in the wrong clade. All of the purported L. borealis from clade LH contained L. hesperus mtDNA and all of the supposed L. keltoni from clade LBLE had L. borealis mtDNA (R.L.R., unpublished data). This would be consistent with misidentification of similar phenotypes.
There may be an alternative biological explanation for the appearance of species polyphyly. The confused specimens all originated from the same area, western Canadian prairie agricultural land. The primary crops that attract Lygus in this region are alfalfa and canola. These croplands, which are the product of human activity, may have provided the habitat that brought two (or more) Lygus species into close proximity that fostered interspecific mating, which led to the creation of hybrids. It cannot be ruled out that hybridization occurred pre-agriculture and is only being noticed now because of the intense scrutiny applied to the pests. In contrast to plants, interspecific hybridization in animals is more often an evolutionary dead end. Nevertheless, evidence accumulated in the past decade indicates that successful interspecific hybridization in animals is not as infrequent as once believed (Mallet 2007) . If the hybrids are viable, they can continue to propagate and develop into a hybrid swarm, which can lead to hybrid speciation (Nolte and Tautz 2010) . The hybrid swarm may be phenotypically intermediate to the parental species or they may be virtually indistinguishable from one of the parents. Introgression of genetic markers can appear to be discordant in the new phenotypes and the swarm can sometimes displace a parental species (Ward et al. 2012) . Morphological intermediates between L. borealis and L. keltoni could be indicators of a hybrid swarm in Alberta. A careful assessment of the phenotypic and genetic variation, including laboratory crosses, in this pair of Lygus species would be needed to determine if hybrid speciation is occurring. 
